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1. INTRODUCTION 

Vertical take-off and landing a i r c r a f t  are cur ren t ly  under study as 
a means f o r  improving short-haul i n t e r c i t y  air t ranspor ta t ion  systems, 
VTOL can relieve a i r p o r t  congestion and reduce air  time delays, and can 
supply access t o  communities current ly  without air  t ransportat ion.  
proposes t o  accomplish these objec t ives  through the use o f  new terminal 
sites ( e.gl 
centers)  as w e l l  as terminal sites at ex is t ing  a i r p o r t s ,  
t he  use o f  terminal area air t raff ic  control  procedures independent of  
conventional a i r c r a f t .  

VTOL 

small a i r p o r t s  loca ted  close t o  business and population 
Also implied i s  

The f e a s i b i l i t y  of WOL i n t e r c i t y  air t ranspor ta t ion  systems has 

It is  recognized t h a t  t he re  are many aspects  t o  
been explored by a number of American and European organizations and 
government agenciesl 
the  problem of" a WOL t ranspor ta t ion  system - economic, sociological ,  and 
p o l i t i c a l ,  as w e l l  a8 technological.  
these aspects  are found i n  Refs. 1 t o  7 ,  
undoubtedly requfred f o r  t he  successful aevelopment of commercial VTOL. 

Examples of  recent  thinking on 
A t o t a l  systems approach i s  

A number of  VTOL t ranspor t  designs f o r  i n t e r c i t y  service have re- 
cant ly  been s tudied,  
based on various a i r c r a f t  configurations and var ious means of providing 
v e r t i c a l  l i f t  (e.g. 
l i f t  fans) .  I n  general ,  an o v e r a l l  impression i s  obtained that t he re  
cur ren t ly  i s  no outstandingly superior  aircrafi; configuration or  l i f t  
propulsion concept f o r  t h e  c i v i l i a n  VTOL mission,, but ,  given adequate 
time and resou.rce~, a s u i t a b l e  t ranspor t  a i r c r a f t  could be developed. 

These s tud ie s  (e .g.  , Refs, 2 and 8 t o  13) were 

ro to r s ,  t i l t i n g  propel le rs ,  and high bypass-ratio 

Although there may be d i f fe rences  i n  opinion concerning the rela- 
t i v e  "rea,dinetdt f o r  t h e  development of VTOE i n t e r c i t y  t ranspor t s ,  it 
appears s a f e  t o  state t h a t  there would be unanimous agreement t h a t  more 
research and development i s  des i rab le  t o  propulsion systems f o r  these 
a i rc raf t .  The general  need f o r  such research is motivated by a number 
of factors :  (1)  t h e  l a r g e  number of  complex and frequent ly  conf l ic t ing  
requirements placed on these systems; ( 2 )  the r e l a t i v e l y  l a rge  number 
of propulsion concepts p o t e n t i a l l y  usable f o r  t h i s  application; and, 
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(3)  The c r i t i c a l  impact of  propulsion system cha rac t e r i s t i c s  on a i r c r a f t  
and o v e r a l l  system design and operation. 
data and f u l l y  optimized technology we curren t ly  unavailable f o r  the 
major candidate propulsion systems. 
tween propulsion requirements and system capabi l i ty .  

Complete design and performance 

What i s  needed i s  a good match be- 

The paper considers the low-pressure-ratio l i f t  fan propulsion 
system f o r  i n t e r c i t y  VTOL transports. 
system f o r  vertical lift was basad on several fea tures ,  compared t o  other  
t h r u s t e r  concepts, t ha t  were considered desirable f o r  c i v i l i a n  t ranspor t  
appl icat ion.  These are: (I) good po ten t i a l  f o r  meeting reduced noise 
l imi ta t ions ;  ( 2 )  provision f o r  safe management of f a i l u r e  of power p l an t  
o r  t h rus t e r ;  (3 )  good passenger a d  a i r l i n e  appeal fo r  r e s u l t i n g  air-  
c ra f t ;  ( 4 )  capab i l i t y  of high c ru ise  speed approaching tha t  of conventional 
jet  l iners;  ( 5 )  d i r e c t  use of  ava i lab le  gas turb ine  technology; and, 
( 6 )  el iminat ion of mechanical transmissions. 

The se l ec t ion  of the lift fan 

The object ive of  the paper i s  t o  review the requirements and problem 
areas involved i n  the l i f t  fan propulsion system, 
research considerations and approaches aimed a t  providing the design and 
performance data necessary f o r  a realist ic evaluation of the p o t e n t i a l  
a p p l i c a b i l l t y  of t he  system f o r  use i n  WQL t ranspor t  aircraft. 
wi th  a review o f  Tropulsion funct ions and concepts f o r  lift, cru ise ,  
t r a n s i t i o n ,  and att i tude cont ro l  and their  in t e rac t ions ,  the  paper 
presents  a descr ip t ion  of various methods f o r  dr iv ing  the l i f t  fan, and a 
discussion o f  their  p r inc ipa l  features. 
with the major design requirements of 1if.t fan  systemF This s e c t i o n  r e -  
views major considerations i n  i n s t a l l e d  fan cha rac t e r i s t i c s  such as in-  
stalled t h r u s t ,  noise?, weight, and component and syetem design. Factors  
i n  fan t r a n s i t i o n  performance are also summarized, Desirable research 
efforts are i d e n t i f i e d  throughout. 

It w i l l  a l so  discuss  

S ta r t ing  

The second p a t  of the paper deals 

2 .  

The complex nature  of  the complete propulsion system f o r  a VTOL 
t r anspor t  a i r c r a f t  i s  i l l u s t r a t e d  i n  f igu re  1. 

The propulsion system o f  a VTOL t ranspor t  a i r c r a f t  i s  required t o  
serve four functions: t o  provide t h r u s t  f o r  v e r t i c a l  l i f t  during takeoff ,  
hover, and landing; t o  provide hor izonta l  acceleration and decelerat ion as 
w e l l  as v e r t i c a l  t h r u s t  during the t r a n s i t i o n  from v e r t i c a l  t o  horizontal  
f l i g h t ;  t o  provide hor izonta l  t h r u s t  during the  wing-supported ( cru ise)  
port ion of the f l i g h t ;  and t o  provide t h r u s t  f o r  cont ro l  of the aircraft 
a t t i t u d e  and s t a b i l i t y  during the takeoff ,  landing, and t r a n s i t i o n  f l i g h t  
modes. 
of  t h e  four  propulsion funct ions i n t o  the a i r c r a f t ,  
now considered i n  more detail.  

The crux of  the a i r c r a f t  design i s  t o  obtain an optimum in tegra t ion  
These funct ions are 
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2.1 Ver t i ca l  L i f t  

A s  ind ica ted  i n  the introduct ion,  v e r t i c a l  t h r u s t  f o r  take-off and 
These fans,  landing i s  t o  be supplied by high-bypass-ratio fan stages.  

depending on the a i r c r a f t  design approach, can be located within the 
a i r c r a f t  fuselage o r  i n  pods along the fuselage or  on the wings. The 
manner i n  which l i f t  fans  are powered, and the major requirements and 
problems associated with their design w i l l  be covered i n  later sect ions.  

2.2 Cruise Thrust 

Thrust f o r  the wing-supported por t ion  of the f l i g h t  (climb, cruise ,  
descent) can be suppl ied by conventional c ru i se  engine concepts e There- 
fore, ava i lab le  c ru i se  engine designs would be adequate, 
engines with moderate by-pass r a t i o s  (from around 2 t o  4) although good 
f o r  optimum cru ise  performance, may be too noisy at f u l l  t h r o t t l e  during 
the t r a n s i t i o n  p a r t  of the VTOL f l i g h t  because of  t h e  magnitude o f  t he  
exhaust veloci ty .  Thus, it would be necessary t o  operate such engines 
a t  reduced power during t r a n s i t i o n ,  such that these engines might not  
provide s u f f i c i e n t  t h r u s t  f o r  horizontal  acce le ra t ion  o r  deceleration. 
I n  t h i s  event, hor izonta l  t h r u s t  during t r a n s i t i o n  would have t o  be 
provided by some other means. Furthermore, the f'ull t h r u s t  capabi l i ty  
of t he  c ru i se  engines could not  be made ava i lab le  f o r  providing v e r t i c a l  
lift during takeoff  and landing, However, as w i l l  be ind ica ted  later,  
reduced-power c ru ise  snginas can a l so  be used t o  supply a t t i tude cont ro l  
power. 

However, c ru ise  

I n  order t o  meat noise r e s t r i c t i o n s ,  a c ru i se  fan  o r  c ru i se  engine 
with a r e l a t i v e l y  high bypass r a t i o  comparable t o  that o f  the l i f t  fans 
can be used. 
creasingly d i f f i c u l t  t o  provide f o r  downward t h r u s t  vectoring t o  assist 
during l i f t - o f f  o r  f o r  t h r u s t  revers ing f o r  hor izonta l  decelerat ion 
during t r a n s i t i o n  without l a r g e  weight pena l t ies .  Other considerations 
involved i n  the use of high-bypass-ratio fans  o r  engines f o r  c ru ise  are 
the  addi t iona l  drag incurred during c ru ise  and the necessi ty  t o  design 
f o r  the proper match between c ru i se  and takeoff  s e t t i ngs .  Thrust  lapse 
rates become steeper  with f l igh t  speed as the  fan bypass r a t i o  is in-  
creased. I n  any event, the inherent  s impl ic i ty  of using i d e n t i c a l  lift 
and cru ise  fans appears t o  warrant a t ten t ion .  

However, with a high-bypsss-ratio design, it becomes i n -  

High-speed wind-tunnel tests with l i f t  fan t ranspor t  models are 
indica ted  t o  investigate aircraft c ru i se  aerodynamics for the different 
c ru i se  propulsion approaches. 
of l i f t  fan i n s t a l l a t i o n s  (e.g. 
performance. 
engine exhaust flow t o  provide aerodynamic lift augmentation (e.@;, , blown 

Such model tests can also define the e f f e c t s  

Another f a c t o r  of interest should be ways of  u t i l i z i n g  c ru ise  
pods or fuselage b l i s t e r s )  on c ru i se  



4 

f l a p s )  so that  conversion speed can be reduced. 
are desired t o  reduce f l i g h t  operating t i m e  and fuel consumption f o r  the 
l i f t  fan system, and also t o  minimize the effects o f  fan i n l e t  flow dis- 
t o r t i o n  generated by i n l e t  crossflow. 

Low conversion speeds 

2.3 Control Thrust 

Thrust fo r  the cont ro l  o f  a i r c r a f t  a t t i t u d e  during takeoff ,  landing, 
and t r a n s i t i o n  can a l s o  be supplied i n  a number of  d i f f e r e n t  ways, 
main l i f t  fans are loca ted  o f f  t he  center  of  gravity of the aircraft 
( i .  e., i n  wing o r  fuselage mounted pods) , then control  i n  roll can be 
obtained by modulating the  t h r u s t  of the lift fans.  Control i n  p i t ch  can 
a l so  be obtained by t h r u s t  modulation of the main l i f t  fans i n  the podded 
arrangement, i f  the fo re  and aft; fans are located w i t h  a s izeable  longitu- 
d i n a l  separation. 
exit  louvers on the main l i f t  fans i n  which forward-deflected t h r u s t  is 
supplied on one side of the a i r c r a f t  and aft-directed t h r u s t  on the other 
side. The same e f f e c t  can be obtained with f o r e  and aft  swiveling l i f t  
fans,  o r  with d i f f e r e n t i a l  sideways t h r u s t  def lect ion.  

If  the 

Thrust f o r  yaw control  can be readi ly  supplied with 

If  the main lift fans are loca ted  withfn the  f'uselage of the a i r c r a f t  
such that  they are close t o  the aircraft; center of grav i ty ,  then fan 
t h r u s t  modulation no Longer becomes a useful  method f o r  a t t i t u d e  control.  
I n  t h i s  eventJ it i s  required that  either the c ru i se  engines be used o r  
aux i l i a ry  low-pressure-ratio fans  be supplied. 
c ru i se  engines are used, such that they a r e  operated at  low power s e t t i n g s  
and do not contr ibute  t o  the hor izonta l  acce le ra t ion  o r  decelerat ion 
t h r u s t  requirement, s u f f i c i e n t  power may be available f o r  a t t i t u d e  cont ro l  
i n  roll, pi tch ,  and yaw. This  w i l l  require  proper loeat ion on the air- 
c r a f t  and appropriate t h r u s t  def lec t ion  devices. However, i f  the cru ise  
engines am used f o r  a t t i t u d e  cont ro l  purposes during t r a n s i t i o n ,  it is  
necessary that  redundancy be supplied so that  cont ro l  power can be main- 
ta ined  i n  the event of a c ru i se  engine f a i lu re .  

If moderate bypass r a t i o  

Auxiliary t h r u s t e r s  f o r  a t t i t u d e  control  can be provided by independ- 
en t  low-pressure-ratio fans  located f o r e  and a f t  o r  a t  the wing t i p s ,  
These control  fans  can be of the self-contained hub dxive type, o r  can be 
t ip-dr iven fans powered by bleed air from the main c ru ise  o r  l i f t  engine 
compressors, o r  by supply air from interconnected compressed air generators.  
For the la t ter  approaches, burning can be supplied a t  the fam periphery 
t o  increase turb ine  power. However, as i n  the case of c ru ise  engines, it 
i s  necessary t o  supply redundant u n i t s  t o  account for  f a i l u r e  of any one 
of the th rus t e r s ,  For purposes of engine maintenance and i n s t a l l a t i o n ,  it 
would be desirable t o  have the aux i l i a ry  control  fans  the same s i z e  as the 
main l i f t  fans.  
Refs. 14 and 15. 

Discussions of a t t i t u d e  control  systems are given i n  
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High-velocity reac t ion  jets are not considered desirable for 
commercial VTOL t r anspor t s  because of the associated high noise and high 
bleed flow rates required.  

2.4 Transi t ion Thrust 

During the  t r a n s i t i o n  from v e r t i c a l  t o  hor izonta l  f l i g h t ,  v e r t i c a l  
t h r u s t  w i l l  be supplied by the  lie fans ,  Horizontal t h r u s t  f o r  accel-  
e r a t ion  can be provided i n  any of the four ways i l l u s t r a t e d  i n  Fig. 2, 
I n  p a r t s  ( a )  and ( b ) ,  the main l i f t  fans are used t o  supply t h i s  function. 
In  t he  first approach, e x i t  louvers o r  other  def lec t ing  surfaces  are 
attached t o  the fixed fans  with appropriate  capabi l i ty  f o r  forward and 
rearward t h r u s t  vectoring, 
swivelled fo re  and a f t  t o  provide t h e  required t h r u s t  vector.  

I n  the second approach, the entire fan i s  

Parts ( c )  and (d )  of Fig,  2 i l l u s t r a t e  the use of a c ru i se  fan f o r  
supplying hor izonta l  t h r u s t  during t r ans i t i on .  
ei ther with a f ixed fan  with provision f o r  t h r u s t  def lec t ing  and reversing 
as suggested i n  p a r t  (e), or  by a t i l t i n g  fan that can be ro t a t ed  more 
than 90° t o  provide either forward o r  rearward t h r u s t  components 
( p a r t  ( d ) )  e 

mounted i n s t a l l a t i o n t  
def lec t ing  and reversing with wing f l aps  i n  conjunction w i t h  fixed cru ise  
propulsion uni t s .  

This can be accomplished 

A ro t a t ab le  l i f t  fan  i s  probably more amendable t o  a fuselage 
It might also be poss ib le  t o  obtain required t h r u s t  

The major aero&ynami@ problem involved i n  hor izonta l  t h r u s t  vectoring 
w i t h  l i f t  fane (Figs.  2 (a )  and ( b ) )  duri.ng t r a n s i t i o n  i s  i l l u s t r a t e d  i n  
Fig. 3. 
pressed by the v w i a t i o n  of percent ideal gross t h r u s t  with def lec t ion  
angle f o r  both swivell ing fans and louvered fans.  
the swivell ing fan w i l l  have good inflow performance, but only up to some 
point ,  due t o  in te r fe rence  e f f e c t s  between adjacent fans and the enclosing 
pod. 
losses  w i l l  general ly  continuously increase with def lec t ion  angle, and can 
become qu i t e  severe when excessive flow separat ion occurs a t  large vane 
angle of a t tack .  

This  f i gu re  poses questions of  l imi t ing  performance as ex- 

For acce lera t ing  th rus t ,  

For louvered fans w i t b  fixed canbered vanes, however, vane drag 

If decelerat ing t h r u s t  i s  required,  t he  performance o f  the swivell ing 
fan i s  expected t o  decl ine w i t h  increasing negative def lec t ion  angle, 
s ince the incoming a i r  must now be turned more than 900. 
of the louvered fans w i l l  a l s o  increase with negative def lec t ion  angles, 
s ince  once again the vane drag w i l l  increase as the vane angle of  a t t ack  
becomes unfavorable e 

The t h r u s t  l o s ses  

Other f a c t o r s  involved i n  the comparison include the longer pod 
length and poorer pod aerodynamics w i t h  the swivell ing fans,  the added 
weight of  t h e  louvers f o r  the fixed fans,  a-nd also the poss ib le  effects 
of  louver def lect ion on fan back pressure and gross  t h r u s t  f o r  the fixed 
fans.  
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It i s  clear the re fo re  t ha t  s ign i f i can t  aircraft configuration 
s tud ie s  are required t o  establish - and minimize - the t h r u s t  vectoring 
l i m i t s  required fo r  the l i f t  fans during t r a n s i t i o n .  A t  the same time, 
comparative evaluat ion of t h r u s t  performance va r i a t ions ,  as w e l l  as 
concepts f o r  improving performance, are required f o r  the swivell ing and 
fixed fan approaches. 
involved i n  each approach would a l so  be needed. 

Comparative data on the i n s t a l l a t i o n  pena l t i e s  

2.5 System In tegra t ion  

I n  view of the l a r g e  number of approaches poss ib le  f o r  t h e  l i f ' t ,  
c ru ise ,  t r a n s i t i o n ,  and control  functions,  it is  not d i f f i c u l t  t o  apprec- 
ia te  the dilemma of  the a i r c r a f t  designer i n  attempting t o  select and 
i n t e g r a t e  the various elements of the propulsion system i n  the a i r c r a f t  
i n s t a l l a t i o n .  Furthermore, the manner i n  which the propulsion functions 
are provided fo r  w i l l  exe r t  a subs t an t i a l  inf luence on the i n s t a l l a t i o n  
of the various propulsion system components as well  as the ove ra l l  con- 
f igura t ion  f o r  the aircraft. 
configurations can be designed based on avai lable ,  o r  near-available,  
c ru ise  propulsion engines. However, f o r  the long-range solut ion,  it is 
c l ea r  that mora skudies and experiments are needed t o  def ine the optimum 
propulsion elements required t o  produce the best aircraft w i t h  optimum 
in t eg ra t ion  of a l l  propulsion functions.  

I n  short-term approaches, VTOL t ranspor t  

34 LEFT Fp;N 

With the adaption of the high-bypass-ratio (low pressure r a t i o )  fan  
stage as the basic t h r u s t  device f o r  vertical l i f t ,  it must be decided 
how the fan r o t o r  i s  t o  be powered, 
and their  p r inc ipa l  cha rac t e r i s t i c s  w i l l  now be discussed. 

The various ty-pes of fan systems 

Fan systemg are i d e n t i f i e d  by the r e l a t i o n  between t h e  fan and the 
Two general  types powerplant supplying power to the  fan  drive turb ine ,  

are cur ren t ly  recognized, the i n t e g r a l  and remote systems. An isometr ic  
drawing of t he  general  configuration f o r  these systems is  shown i n  
Fig. 4. 
p l an t  s. 

No i n l e t  o r  exhaust sec t ions  are included f o r  the fans o r  power- 

The i n t e g r a l  coaxial  system (Fig.  4( a ) )  i s  similar t o  a high- 
bypass-ratio turbofan engine i n  which the fan i s  powered by a coaxially- 
mounted gas turb ine  engine, 
fan concept i s  the inherent  s impl ic i ty  of working with self-contained 
independent un i t s .  This provides a simple reliable means f o r  s a fe ty  
through redundancy i n  the event of  the f a i l u r e  of  either the powerplant 

The p r inc ipa l  v i r t u e  o f  the i n t e g r a l  lift 
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, 

o r  t h e  fan,  Independent u n i t s  are a l s o  easy t o  swivel and can provide 
f o r  varying amounts o f  cont ro l  t h r u s t  modulation. 
been promoted by Rolls-Royce L tdd ,  (16 t o  21) and a l s o  by the matt and 
Whitney Ai rc ra f t  Company (22) I 

This type of fan  has 

I n  t h e  remote type (Figs.  4(b) and ( c ) )  , t h e  f an  and i t s  dr ive  
turb ine  are separa te ly  located from the  powerplant, and power i s  de- 
l i v e r e d  pneumatically t o  the fan dr ive  turb ine  located at the  outer  pe r i -  
phery o f  the fan ( t i p  turbine d r ive )  
e i t h e r  by the exhaust gas from a hot gas generator (Fig,  4 (b) ) ,  o r  by 
high-pressure air from a compressed-air generator (Fig,  4( c ) )  . 
lat ter case, an option exists t o  deliver t h e  compressed air d i r e c t l y  t o  
the fan  turbine,  o r  t o  raise it t o  a high temperature i n  an aux i l i a ry  
combustor a t  the fan bofore de l ivery  t o  the dr ive  turb ine .  

The dr ive  turbine can be powered 

I n  the 

Remote powerplants are considered as candidates f o r  l i f t  fan systems 
f o r  a number of reasons. 
powerplants. 
i n  t h e  event of the shutdown of one of the powerplants, and lift un- 
balance can be avoided. 
than fans,  and can r ead i ly  provide for t he  use o f  the main powerplant 
systems t o  power aux i l i a ry  a t t i t u d e  cont ro l  fans  and cru ise  fans,  i f  
needed. In a l l  cases, however, appropriate valving and controls w i l l  be 
required f o r  proper system operation and r e l i a b i l i t y  ( e .go ,  powerplant 
start up, emergency shutdown, and fan shutdown) 

F i r s t ,  interconnecting can be provided f o r  t h e  
I n  so  doing, power can continue t o  be supplied to a l l  fans  

Interconnecting can allow f o r  fewer powerplants 

The second p r inc ipa l  f ea tu re  o f  the  remote system w i t h  t ip - turb ine  
driven lift fans is the po ten t i a l  f o r  providing a subs t an t i a l ly  shor te r  
fan axial depth than i n  t h e  case of  t h e  i n t e g r a l  fans ,  However, it is 
not clear at t h i s  time whether t h e  shor t  depth po ten t i a l  can be f u l l y  
r ea l i zed  because of the uncertainty i n  t h e  amount of acoust ical ly-  
t r e a t e d  duct length tha t  might be required t o  s a t i s f y  perceived noise 
l imi t a t ions  e 

The p r inc ipa l  f ac to r  i n  consideration of t h e  compressed air  remote 
system (Fig. 4( c ) )  i s  i l l u s t r a t e d  i n  Fig,  5. 
r e l a t i v e  va r i a t ion  of the flow area of t he  duct between the air generator 
and the  l i f t  fan and the i n l e t  area of  t h e  s c r o l l  that  feeds the t i p  
turb ine  of  t h e  fan compared t o  t h e  case of t he  s t r a i g h t  exhaust gas 
generator (Fig,  4 (b ) ) .  
8 atmospheres can reduce duct and s c r o l l  areas t o  around a t h i r d  t o  a 
quar te r  of  €hose f o r  the exhaust gas generator arrangement. 
duced areas r e s u l t  from both an increase i n  f l u i d  densi ty  and a de- 
crease i n  t h e  required tu rb ine  flow rate ( f o r  t h e  same developed power). 
These fea tures ,  however, are obtained at  the expense of t h e  added com- 
p l e x i t y  of  an addi t iona l  combustor and f u e l  system fo r  each fan-  How- 
ever, t h e  temperature of  the interconnecting duct w i l l  be r e l a t i v e l y  
cool (i  e., heat of comprpssion). 

The f igu re  shows t h e  

Moderate supply pressures  of t h e  order of  6 t o  

The re- 
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3.2 Characteristics 

3.2.1 In t eg ra l  Fan 

The component arrangement of  t h e  i n t e g r a l  coaxial  fan  w i l l  depend 
t o  a l a r g e  extent  on the magnitude of t h e  compressor pressure r a t i o .  
If a r e l a t i v e l y  low pressure r a t i o  can be accepted (say, around 4 t o  6 ) ,  
a shor t  compact configuration could be obtained w i t h  conventional axial 
components. 
case. 
t i o n  i s  c r i t i c a l ,  then compressor preasure r a t i o  would have t o  be in-  
creased. However, i n  order t o  maintain shor t  axial depth, a reverse 
flow combustor might be used as i l l u s t r a t e d  schematically i n  Fig. 6. 
The cross-hatched sect ions i n  t h e  fan duct i nd ica t e  acous t ic  treatment. 

Spec i f ic  f u e l  consumption would be compromised i n  t h i s  
If long fan operating times are indica ted  so t h a t  f u e l  consump- 

I n  general, no bas i ca l ly  new component concepts o r  technology should 
be required f o r  the coaxial  l i f t  fan concept. 
p o t e n t i a l  f o r  providing a capab i l i t y  for  s ign i f i can t  overthrust  i n  
emergency s i t u a t i o n s  through short-time overspeed and overtemperature 
operation. The extensive use of  composite materials i s  a l s o  p o t e n t i a l l y  
possible  w i t h  the i n t e g r a l  fan  i n  view of the r e l a t i v e l y  cool tempera- 
t u r e s  of the e n t i r e  fan s tage por t ion ,  

There a l s o  exists a good 

The pr inc ipa l  problem areas  i d e n t i f i e d  w i t h  the design of  i n t e g r a l  
fans are the fan r o t o r  and the  fan dr ive  turbine.  Good i n l e t  flow dis- 
t o r t i o n  tolerance and good ef f ic iency  are required f o r  the fan ro to r ,  
espec ia l ly  s ince high blade aspect  r a t i o s  w i l l  probably be des i red  f o r  
reduced noise (high blade passing frequency) e 

might a l s o  be present ,  The use of  the r o t o r  flow-passage s p l i t t e r  ( a s  
shown i n  Fig.  6) and separate  blade designs f o r  the two sec t ions  can 
a l l e v i a t e  much of  the  d i f f i c u l t i e s  that  would arise a t  the hub w i t h  such 
low hub-tip r a t i o  configurations.  However, t h e  core passage blading and 
the compressor must a l s o  be designed t o  accept the i n l e t  flow d i s t o r t i o n s  
t h a t  occur during t r a n s i t i o n  f l i g h t .  

Aeroelast ic  d i f f i c u l t i e s  

Since the diameter of the fan  dr ive  turb ine  w i l l  be considerably 
smaller than the fan  ro to r ,  it w i l l  be necessary t o  develop high-work 
turb ines  i n  order t o  reduce the number of required turb ine  s tages  
(reduce axial depth and weight). 
i s  desired,  but  t h i s  must be compromised with the noise requirement. 

I n  t h i s  respect ,  high fan r o t o r  speed 

If a reverse-flow burner i s  used, such as i n  Fig,  6, minimizing 
pressure lo s ses  becomes an important problem, 
component a c c e s s i b i l i t y  and reducing cos t s  a l s o  become s ign i f i can t  con- 
s idera t ions  w i t h  t h i s  arrangement, 

Means of maintaining easy 
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3.2.2 Remote Fans with Exhaust Gas Generator 

A schematic cross  sec t ion  of  a l i f t  fan w i t h  a t i p  turb ine  dr ive  
i s  shown i n  Fig. 7 (a ) .  
c a r r i e s  the  fan r o t o r  blades and the t i p  turb ine  buckets mounted around 
the periphery of t h e  fan. Also shown i s  the s c r o l l  which feeds the hot 
gas t o  the  turb ine  nozzles, Figure 7(b) shows a schematic cross  sec t ion  
of a s t r a i g h t  t u rbo je t  exhaust gas generator t h a t  could be used t o  dr ive  
t h e  t i p  turb ine  fan. 
generator has received considerable a t t e n t i o n  by the General E l e c t r i c  
Company (23 t o  29) .  

The fan  design involves a s ing le  wheel which 

The t i p  turb ine  fan driven by an exhaust gas 

The p r inc ipa l  consideration i n  favor of the remote exhaust gas 
generator system is  the exis tence of ava i lab le  gas generator engine 
technology and t ip - turb ine  fan design experience. 
for  a r e l a t i v e l y  e a r l y  f l i g h t  aircraft appl ica t ion ,  However, i f  the high 
exhaust temperatures of advanced tu rbo je t  gas generators are accepted, 
s c r o l l  and t i p  turbine construction, cost ,  r e l i a b i l i t y ,  and limited over- 
temperature capabi l i ty  fo r  emergency overthrust  can be problem fac to r s .  

These can provide 

For advanced gas generator systems, increased exhaust temperatures 
may cause fu r the r  d i f f i c u l t i e s  i n  the design of  the fan turb ine  s c r o l l  
and bucket attachment, Accordingly, it may be des i rab le  t o  consider a 
gas generator w i t h  a low bypass r a t i o ,  as shown i n  Fig,  7 (c ) ,  i n  order 
t o  provide f o r  some lower-temperature a i r  tha t  could be used f o r  cooling 
purposes, 
(configurat ion A) 
allowed t o  flow coaxial ly  with the  discharge duct (configurat ion C ) .  
Engine component technology i s  a l s o  general ly  ava i lab le  f o r  t h i s  approach. 

The bypass air can be bled o f f  d i r e c t l y  behind the low spool 
or  mixed with the  core exhaust (configurat ion B)  , or  

In either approach the use of an exhaust gas generator w i l l  r equi re  
t he  use of r e l a t i v e l y  high-temperature valving and large-diameter high- 
tempeyature ducting, which may be undesirable i n  a c i v i l i a n  passenger 
t ranspor t ,  

3.2.3 Remote Fans with Compressed A i r  Generators 

A schematic moss  sec t ion  of  a t i p  turb ine  driven l i f t  fan based on 
a compressed a i r  generator i s  shown i n  Figa 8 ( a ) ,  
between th i s  configuration and t h e  configuration f o r  t he  exhaust gas 
generator power supply (F ig ,  7 (a ) )  i s  a two-stage turb ine  and a smaller 
s c r o l l  diameter. Both of  these are the r e s u l t  of the higher fan turb ine  
i n l e t  pressure l e v e l  provided by t h e  compressed air supply. The smaller 
s c r o l l  size i n  conjunction w i t h  cont ro l  over t h e  i n l e t  gas temperature 
i n  the aux i l i a ry  burner can make f o r  a l i g h t e r  and easier s c r o l l  design. 
However, i f  the turb ine  gas temperature i s  r a i s e d  t o  above t h e  lgOOo R 
level, design d i f f i c u l t i e s  and complex cooling requirements would prob- 
ably r e s u l t .  

The p r inc ipa l  d i f fe rence  

J 
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A primary design problem created by the compressed air approach 
i s  the r e l a t i v e l y  shor t  height  of the turb ine  flow passage (order  of 
1/3 t o  1/4 of height i n  case of  exhaust gas generator arrangement). 
With such shor t  blade heights ,  poor in t e r s t age  leakage and dimensional 
cont ro l  may ser ious ly  affect turb ine  performance. Furthermore, w i t h  
the relatively high pressure ex i s t ing  at the  o u t l e t  of the first 
nozzle row, a d i f f i c u l t  problem i s  raised t o  minimize the leakage of 
hot  gas i n t o  the fan airstream j u s t  upstream of the rotor .  
w i l l  have de le te r ious  e f f e c t s  on the  performance of both the fan  s tage  
and the t i p  turbine.  

Such leakage 

The fan  combustor design may a l s o  be d i f f i c u l t  because of the need 
t o  reduce length and weight and t o  avoid adverse temperature p r o f i l e s  
at  the i n l e t  t o  t h e  s c r o l l ,  

A schematic cross  sec t ion  of a compressed air generator concept i s  
shown i n  Fig. 8(b)  I n  t h i s  configuration the  low compressor i s  de- 
signed t o  provide the required pressure f o r  t h e  supply flow t o  the fan 
turbine.  Again, a folded combustor i s  shown t o  reduce axial length. 
The r e s idua l  t h r u s t  fYom t h e  core discharge can be used t o  provide 
v e r t i c a l  t h rus t ,  o r  i n  conjunction with a swivel nozzle, can be used t o  
provide vectored t h r u s t  during t r ans i t i on .  

For s i t ua t ions  i n  which r e l a t i v e l y  large amounts of  emergency over- 
t h r u s t  capabi l i ty  are required (e.g.  , interconnected system w i t h  few 
a i r  generators and l a r g e r  number of  fans) ,  an interburner  can be added 
between t h e  high compressor dr ive  turbine and low compressor dr ive  
turb ine  of the two-speel configuration shown i n  Fig. 8(b) .  
i s  not c l ea r  whether the aadi t ion  of such a capabi l i ty  i n  t h i s  manner 
warrants t h e  added complexity of another f u e l  system and addi t iona l  
flow pressure drop when the  u n i t  i s  i n  normal operation. 

However, it 

It is  thus seen tha t  there are a number of ways t o  drive the l i f t  
fan - each has i t s  advantages and disadvantages, which w i l l  depend on 
the s p e c i f i c  requirements of  the propulsion system and the i n s t a l l a t i o n  
approach i n  the a i rc raf t ; .  Detailed comparative evaluations of these 
drive approache8 would be of i n t e r e s t  t o  def ine optimum cycle, weight, 
and dimensional cha rac t e r i s t i c s ,  as w e l l  as t o  iden t i fy  po ten t i a l  gain 
and problem areas f o r  the system components. 

4. l3TSTALI;ED REQUIREMENTS 

There are a number of f ac to r s  associated w i t h  the i n s t a l l a t i o n  and 
operation of the l i f t  fans i n  the a i r c r a f t  t h a t  can exert a s ign i f i can t  
e f f e c t  on the se lec t ion  and s p e c i f i c  design of t h e  l i f t  fan system. 
Examples of  such f ac to r s  are i n s t a l l e d  th rus t ,  noise, system weight, 
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and serv ice  requirements. 

4.1 I n s t a l l e d  Thrust 

The design i n s t a l l e d  t h r u s t  of t h e  lift, cruise ,  and cont ro l  
systems w i l l  depend on t h e  requirements of the s p e c i f i c  functions of 
the system. 
mission i s  required.  
upon the i n s t a l l e d  cha rac t e r i s t i c s  of  t he  propulsion system, so  that an 
i terative process i s  indicated,  

I n  a l l  cases, a knowledge of the a i r c r a f t  configuration and 
However, the aircraft  design itself w i l l  depend 

The t o t a l  design i n s t a l l e d  takeoff t h r u s t  f o r  *he main lift fans 
w i l l  depend upon a l a rge  number of f ac to r s  such as: 
weight; vertical t h r u s t  contr ibut ions of the c ru i se  and a t t i t u d e  cont ro l  
uni ts ;  amount of fan  t h r u s t  modulation required f o r  a t t i t u d e  control;  
design takeoff ambient temperature and a l t i t ude ;  allowable emergency 
r a t i n g  i n  t h e  event of power p l an t  f a i lu re ;  i n s t a l l a t i o n  losses;  de- 
sired v e r t i c a l  acce le ra t ion  with power p l an t  out; the number and 
arrangement of fans and power p l an t s  used; and t h e  c r i t e r i a  adopted f o r  
t l  engine-out" sa fe ty  (e.g. 
and fan f a i l u r e ,  o r  powerplant-only f a i l u r e ) .  The latter i s  a matter 
fo r  airworthiness standards. However, the  impact of d i f f e r e n t  sa fe ty  
c r i t e r i a  and provisions on propulsion system and a i r c r a f t  design can 
be qu i t e  marked, and should be documented. Furthermore, these ef- 
f e c t s  may not  be equal for t h e  d i f f e r e n t  l i f t  fan systems. 
appl icat ions,  it i s  believed t h a t  provision should be made for the 
safe shutdown of a fan as w e l l  as a powerplant. 

a i r c r a f t  gross  

number of u n i t s  tha t  can fa i l ,  powerplant 

For c i v i l  

An i l l u s t r a t i o n  of the e f f e c t  of provision f o r  emergency shutdown 
of a fan o r  powerplant on the amount of excess t h r u s t  o r  power t h a t  
must be contained i n  the fan system i n s t a l l a t i o n  i s  given i n  Figure 9 .  
The p l o t  shows var ia t ion  in required excess f an  t h r u s t  or excess engine 
power with number of  fans  o r  powerplants f o r  several l imi t ing  s i tua t ions .  
The upper s o l i d  l i n e  refers to the case of  fan  shutdown i n  which the 
surviving fans  must supply r e s to r ing  moments as w e l l  as lost l i f t ,  as 
would be the s i t u a t i o n  w i t h  fans  i n  outboard wing pods. 
located on the center of grav i ty ,  the other l imi t ing  case of supplying 
only l o s t  lif% i s  given by the lower s o l i d  l i ne .  
to the case of a fan out regardless of how t h e  fan i s  driven. 

If the fans are 

These curves apply 

The dashed l i n e s  represent  t h e  s i t u a t i o n  f o r  t h e  powerplants. I f  
t h e  powerplant i s  i n t e g r a l  with the fan,  the upper dashed curve i s  
obtained. If the powerplants are interconnected so that a l l  fans  con- 
t i nue  t o  operate (no force  unbalance), then the lower dashed curve is  
obtained, This i nd ica t e s  that if provision i s  allowed f o r  powerplant 
shutdown only, then t h e  i n s t a l l e d  excess power requirement can be re- 
duced f o r  a given number of interconnected powerplants, o r ,  coversely, 
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the number of interconnected powerplants 
value of  i n s t a l l e d  excess power. I n  a l l  

can be reduced f o r  the same 
s i tua t ions ,  t h e  required excess 

of power i s  s l i g h t l y  greater than the corresponding required increase 
i n  t h r u s t  s ince the ra t io  of power-to-thrust increases  as the speed and 
pressure r a t i o  of the surviving fans i s  increased t o  supply the required 
t o t a l  t h r u s t ,  

It should be noted that t h e  normal operating t h r u s t  ( takeoff  l i f t )  
and the t h r u s t  value f o r  which the fan  system i s  noise rated may not 
necessar i ly  be the same as the value of i n s t a l l e d  t h r u s t  f o r  which the 
system i s  sized,  This i s  i l l u s t r a t e d  i n  Figure LO which shows a t y p i c a l  
fan  operating l i n e .  Under normal conditions wi th  a11 u n i t s  operating, a 
nominal t h r u s t  w i l l  be required f o r  l i f t - o f f  (lower dot ) ,  with excursions 
as needed for  control  t h r u s t  modulation 
p lan t  out, an increase i n  fan  t h r u s t  
nominal value ind ica ted  by the upper dot. 
w i l l  again be needed (Ai?)c2o, although the value may be somewhat less 
than tha t  fo r  normal operation. A max imum t h r u s t  capabi l i ty  indicated 
by the uppermost dashed l i n e  w i l l  therefore  be required f o r  safety con- 
s idera t ions .  If an emergency overthrust  capabi l i ty  (&?)E i s  available, 
the fan design t h r u s t  requirement is reduced t o  the level of the dot-dash 
l i n e .  The importance of being able to provide for  a s ign i f i can t  amount 
of emergency overthrust  i n  the fan design i s  c l e a r l y  evident as a means 
f o r  reducing i n s t a l l e d  t h r u s t ,  
installed v e r t i c a l  t h r u s t  t o  a i r c r a f t  gross weight f o r  l a rge  VTOL t rans-  
p o r t s  are of the order of 1.3 t o  1.6. 

With a fan o r  power- 
will be required t o  the 

Thrust modulation fo r  cont ro l  

Values of r a t i o  o f  sea level standard 

Normal fan operation w i l l  be a t  some part-speed point ,  the  magnitude 
of which w i l l  be determined primarily by the i n s t a l l e d  provisions f o r  
engine-out" sa fe ty  and t o t a l  number of fans  used. If r e l a t i v e l y  few 

fans are used, the normal operating speed may be s u f f i c i e n t l y  d i f f e r e n t  
than the  design speed t o  warrant off-design consideration i n  the design 
of the fans.  

I t  

4.2 Noise 

For l i f t  f an  systems, the pr inc ipa l  noise contr ibutors  are recognized 
t o  be the r o t a t i o n a l  noise and the exhaust flow noise  from the  l i f t  fan 
and i t s  drive turbine.  The compressor i n  the coaxial  gas generator may 
a l s o  be a s ign i f i can t  noise source i f  a very high t i p  speed is used. 
remote power systems, the addi t iona l  noise sources from the drive power- 
p l an t  must be considered. Exhaust velocities fo r  the compressed air 
generators w i l l  have t o  be kept r e l a t i v e l y  low, which w i l l  r e s u l t  i n  a 
low re s idua l  t h r u s t  and a l a rge  exhaust duct. Since these powerplants 
w i l l  most l ike ly  be or ien ted  hor izonta l ly  i n  the aircraft, i n l e t  and 
exhaust duct acoust ic  treatment can be e f f ec t ive ly  used t o  suppress the 
machinery noise. However, such provisions cons t i t u t e  i n s t a l l a t i o n  penal t ies  

For 
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f o r  these systerns. 

If it i s  asswed that powerplant noise can be e f f ec t ive ly  reduced 

According t o  current 

However, i f  it i s  fu r the r  assumed 

t o  below tb,e l e v e l  of  the fan noise, then the design of the l i f t  fan  
must be cont ro l led  t o  s a t i s f y  noise  l imi ta t ions .  
experience, fan r o t a t i o n a l  noises  appears to be g rea t e r  than fan  exhaust 
noise  for  current  VTOE fan designs. 
f o r  the moment that  fan r o t a t i o n a l  noises can be reduced t o  the exhaust 
flow noise  l eve l ,  then an i n i t i a l  app ra i sa l  can be made of  the impact 
of noise r e s t r i c t i o n s  on fan design by analyzing the fan exhaust flow 
noise  ( i .  e., the noise  f loo r  l e v e l ) .  

Although it has not ye t  been conclusively confirmed, it i s  believed 
tha t  fan exhaust flow mixing noise  (low ve loc i ty  jet noise) i s  propor- 
t i o n a l  t o  the 8th power of the exhaust veloci ty .  
of the standard je t  noise  co r re l a t ion  (SAE AIR 876) t o  low v e l o c i t i e s  
according t o  the 8th power, calculated va r i a t ions  of t o t a l  perceived 
exhaust flow noise  w i t h  number of lift fan engines containing both fan 
and turb ine  exhaust ( v e l o c i t i e s  VF and VT, respec t ive ly)  were 
determined. Several  fan stage pressure r a t i o s ,  as shown by the s o l i d  
curves i n  Figure 11 are included. 
dashed l i n e s  are values of exhaust noise  required t o  meet several pro- 
posed perceived ove ra l l  a i r c r a a  noise  l i m i t s .  
exhaust noise l i m i t s  were obtained &om the consideration that  wi th  
fan ro t a t iona l  and exhaust noise equal, the  magnitude of  the exhaust 
noise l i m i t  w i l l  be 3 PNdB lower than the o v e r a l l  l i m i t .  For the jet  
noise  model of  Figure 11, fan stage pressure r a t i o s  o f  the order of 
1.15 t o  1.20 are indicated,  depending on the s p e c i f i c  ove ra l l  noise 
l i m i t  selected. However, since fans w i l l  most l i k e l y  be noise  rated a t  
the normal m a x i m u m  t h r u s t  po in t  (Fig. 10) , the  allowable design ( in -  
stalled t h r u s t )  pressure ra t io  w i l l  be somewhat greater than the values 
determined by the noise  l i m i t s .  

From an  extrapolat ion 

AJso shown on the f igu re  by the 

The p l o t t e d  values of  

A more recent  ca lcu la t ion  of exhaust flow noise based on an improved 
dens i ty  f a c t o r  ind ica ted  curves of perceived noise  aga ins t  nwnber of fan 
engines that were about f i v e  PNm lower, on the  average, than the values 
shown i n  Figure 11. Thus, m a x i m u m  allowable s tage pressure r a t i o s  might 
be of the order of 1.20 t o  l,25, as far as je t  noise  i s  concerned. 

I n  order t o  achieve fan  noise l i m i t a t i o n s  as indica ted  above, fan  
r o t a t i o n a l  perceived noise must be reduced t o  the l eve l  of  the exhaust 
f low noise. 
because of the large number o f  factors t h a t  can a f f e c t  the noise  genera- 
t ion:  t i p  speed, blade loading, flow turbulence, ro tor  t i p  flow, and 
blade-row geometry (number of blades, dis tance between rows, lean angle, 
e t c . ) .  O f  p a r t i c u l a r  importance i n  l i f t  fan system design i s  r o t o r  t i p  
speed. High values of t i p  speed are desired t o  reduce the number of 
drive turb ine  s tages  o r  increase  turb ine  e f f ic iency  f o r  f ixed  number of 

The control  of fan r o t a t i o n a l  noise i s  a complex matter 
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stages. 
fan duct w i l l  be necessary t o  achieve the  desired reduction i n  r o t a t i o n a l  
noise. 

Current knowledge ind ica t e s  tha t  acous t ic  treatment o f  t h e  

Research on l i f ' t  fan noise  i s  current ly  required i n  the following 
areas : 

(1) Fan exhaust flow noise f l o o r  l e v e l  w i t h  e f f e c t s  of coaxial  
annular streams of d i f fe ren t  temperature and with t h r u s t  def lec t ing  
devices. 

(2 )  Relat ions between r o t a t i o n a l  noise and fan s tage design para- 
meters and geometry. 

(3) Weight, length,  and noise-reduction t radeoffs  f o r  duct acous t ic  
treatment.  

(4) Studies of the noise  foo tp r in t s  of the t o t a l  propulsion system 
during t r a n s i t i o n  f o r  the various l i f t  fan system concepts. 

4.3 Weight and Volume 

The importance of lift fan  system weight i n  VTOL t ranspor t  design 
is i l l u s t r a t e d  i n  Figure 12. 
is p l o t t e d  on t h e  ordinate ,  
stalled t h r u s t  t o  weight of the lift fan  system i n s t a l l a t i o n ,  which 
includes the dry weight of t h e  th rus t e r s  and powerplants p lus  t h e  weights 
of  t h e  various i n s t a l l a t i o n  components (containing pod or o ther  mounting 
s t ruc ture ,  i n l e t s ,  exhaust ducts and dleflectors, interconnecting duct 
system, and control  system) e 
i s  included as a parameter. 

Gross weight for a 100-passenger a i r c r a f t  
The abscissa represents  the r a t i o  of i n -  

L i f t  fan system spec i f i c  f u e l  consumption 

It i s  seen from the f igu re  t h a t  aircraft gross  weLght tends t o  in-  
crease rap id ly  as system i n s t a l l e d  thrust-to-weight r a t i o  i s  reduced, 
while t h e  s e n s i t i v i t y  t o  s p e c i f i c  f u e l  consumption shows l i t t l e  var ia t ion.  
The ca lcu la t ion  was made f o r  a s implif ied a i r c r a f t  model which included 
provision f o r  crew, cargo, cabin equipment, airf'rame s t ruc tu re ,  and cru ise  
propulsion and fue l .  

Projected t rends  i n  lift fan system unins ta l led  thrust-to-weight 
r a t i o  are presented i n  Figure 13 together  wi th  va r i a t ions  f o r  other  
types of engines. 
axial and gas generator- t ip  turb ine  systems i n  the t h r u s t  range of 
10 000 t o  15 000 pounds. 
weight i s  the author 's  estimate of' real is t ic  values f o r  fan  systems i n  
commercial use f o r  which good maintainabi l i ty  and r e l i a b i l i t y  are re- 
quired. With ind ica ted  unins ta l led  thrust-to-weight r a t i o s  around the 

The available data poin ts  f o r  l i f t  fans  are f o r  co- 

The band presented f o r  t h e  lift fan  system 

J 



10 t o  12 l eve l ,  and w i t h  i n s t a l l a t i o n  weight addi t ions of say around 
25 t o  50 percent,  i n s t a l l e d  lift fan system thrust-to-weight ratios of  
the order of only 7 t o  9 may be achievable i n  the near future .  Accord- 
i ng  t o  Figure 12, such values w i l l  r e s u l t  i n  a r e l a t i v e l y  heavy air-  
craft ,  It would seem, therefore ,  that  considerable a t t en t ion  should be 
given t o  the impact of l i f %  system dry weight and i n s t a l l a t i o n  weight on 
a i r c r a f t  design. 

I n  t h i s  respect ,  reduction i n  dry lift system volume might be as 

For the fans, low volume is 
important as reductions i n  system dry weight because of the compounding 
e f f e c t  of  volume on i n s t a l l a t i o n  weight. 
dependent on achieving high r a t i o s  of thrust /a i r f low and airf low/frontal  
area. 
e f f ic iency ,  and airflow/fYontal area w i l l  a l s o  depend on fan  pressure 
r a t i o .  
treatment requirements. 
requirement and by compact components and high turb ine  i n l e t  temperature. 

Thrust/airflow is  determined by fan s t age  pressure r a t i o  and 

Fan volurne might a l s o  be dictated by i n l e t  sec t ion  and acous t ic  
Low powerplant size i s  favored by reduced power 

, 

The importance of f an  stage pressure r a t i o  i n  influencing l i f t  fan 
system volume and weight can be in fe r r ed  f'rom Figure 14%. 
pressure r a t i o  produces a large fan diameter and volume but  requi res  a 
smaller dr ive  powerplant. 
The t r end  i s  reversed f o r  high fm pressure ratios,  so that  f o r  a given 
a i r c r a f t  design and t h r u s t  l eve l ,  there is  probably an optimum fan  
pressure r a t i o  f o r  minimum i n s t a l l e d  system weight. However, s ince fan 
pressure ratio w k l l  be determined by noise l imi ta t ions ,  system research 
e f f o r t  should be d i rec ted  toward minimizing component weight and volume 
f o r  the se lec ted  pressure r a t io  l eve l s ,  

Low fan  

A somewhat lower fuel consumption also r e s u l t s .  

Low component weight w i l l  depend on high areodynamic loading, 
l ightweight materials, and e f f i c i e n t  s t r u c t u r a l  design. 
t i o n a l  c ru i se  engines, l i f t  system components must be designed t o  
s a t i s f y  cycle l i f e  criteria. Annual f l i g h t  operations,  f o r  example, 
might involve many thousands of s t a r t - s top  cycles, but only around a 
hundred hours qf accumulated time f o r  the lift system. 
sirable to design c r i t i ca l  lift, system components t o  permit operation 
f o r  a brief per iod of time a t  a s ign i f i can t  overthrust  condition (say 
10 percent) during emergency "engine-out" s i t ua t ions .  
earlier, an emergency overthrust  r a t i n g  i s  desirable t o  reduce i n s t a l l e d  
t h r u s t  level. I n  the event of the use of the emergency ra t ing ,  it is 

Unlike conven- 

It is  a l s o  de- 

As  ind ica ted  

% 
Speci f ic  values of the parameters i n  Figure 14 at the reference 

fan pressure ratio, e ressed as a r a t i o  of fan t h r u s t  are: 
f'rontal area, 1,44x103 ft*/lb; a i r f low rate, 0.0488 (lb/sec)/lb; 
d r ive  power, 0.727 HP/lb; and s p e c i f i c  fuel consumption, 0.4 (lb/hr)/ lb.  

fan  t i p  
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probable that  inspect ion of  s ens i t i ve  system parts w i l l  be  required.  

L i f t  fan system thrust-to-weight w i l l  a l s o  depend on the s i z e  of 
the fan, which i s  related t o  the number of fans  used (e.g. , Fig. 9 ) .  

4.4 System Design 

Unfortunately, the elements t h a t  favor low system weight and 
volume are general ly  incons is ten t  with good f u e l  economy, good maintain- 
a b i l i t y ,  and high r e l i a b i l i t y  cha rac t e r i s t i c s .  According t o  Figure 12, 
aircraft gross  weight does not  appear to be highly sens i t i ve  t o  lift 
system s p e c i f i c  f u e l  consumption. However, high system r e l i a b i l i t y  and 
good overhaul and maintenance cha rac t e r i s t i c s  are essential f o r  econ- 
omical commercial operations.  
w i l l  be p a r t i c u l a r l y  important i n  view of the ove ra l l  complexity of 
the propulsion systems and the l a r g e  number of u n i t s  and components 
involved- 
t i o n s  f o r  which a r e l i a b i l i t y  h i s t o r y  o r  experience is ava i lab le  might 
therefore  o f f e r  a better development risk i n  the long run .  

Dispatch r e l i ab i l i t y  i n  VTOL operations 

Systems based on more conventional components and configura- 

I n  view of system complexity, r ap id  event occurrence, and heavy 
p i l o t  work load, it is clear tha t  an automatic control  system w i l l  be 
required,  
funct ions ( s t a r tup ,  check out, t h r o t t l i n g )  , a t t i t u d e  control  require- 
ments, "engine-out" t r i m  procedures, and possibly prescribed t r a n s i t i o n  
f l i g h t  path control.  An extremely sophis t ica ted  in tegra ted  control  and 
propulsion system arrangement w i l l  therefore  be  required which w i l l  
a l s o  have to have a high degree of r e l i a b i l i t y ,  

The cont ro l  system would handle normal engine operating 

Another common f a c t o r  f o r  fans involved i n  t'ne a t t i t u d e  control  
function i s  the t h r u s t  acce le ra t ion  t i m e  response. Preliminary estimates 
ind ica t e  desired response times of the order of 0.3 second f o r  a 10 t o  
25 percent t h r u s t  increase f o r  a l a rge  VTOL t ranspor t .  SSnce response 
time va r i e s  d i r e c t l y  w i t h  moment of i n e r t i a  of  the r o t a t i n g  components 
and inversely w i t h  the acce lera t ing  torque, component s i z e  and mass w i l l  
be s ign i f i can t  fac tors .  The l a r g e s t  determinant of  r o t a t i n g  i n e r t i a  
i s  component s i ze ,  s ince  moment of  i n e r t i a  f o r  a given configuration w i l l  
vary with the 4th t o  5th power of the diameter. Thus, the number of fans  
used f o r  given t o t a l  t h r u s t  w i l l  be the most s ign i f i can t  design control  
element f o r  response t i m e .  However, f o r  a given fan t h r u s t  l eve l ,  any 
reduction i n  r o t a t i n g  mass w i l l  d i r e c t l y  bene f i t  t h r u s t  response time. 

The design of  the l i f t  fan propulsion system to meet desired in -  
stalled cha rac t e r i s t i c s  i s  thus  seen t o  represent  a form of "e t e rna l  
t r iangle"  with high performance at the apex of  the t r i a n g l e  and low noise 
and low cos t  at  the two lower ends of the t r i ang le .  
cha rac t e r i s t i c s ,  which may be i n  conf l i c t  within themselves, are general ly  

High performance 
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not compatible w i t h  achieving low noise  levels and low cost.  
VTOL propulsion system design w i l l  be an exercise  i n  compromises and 
t r adeof f so  

Thus, 

There are a number of research problem areas associated with the 
performance of  l i f t  fans  during the t r a n s i t i o n  between hor izonta l  and 
v e r t i c a l  f l i g h t .  These problems arise as a r e s u l t  of the or ien ta t ion  
of t h e  i n l e t  of the fan  with respect  to the oncoming flow, the f inc t ions  
tha t  the l i f t  fan  ., .-- iLqui red  to perform, and the large masses of air 
that  are set i n  motion by the operation of the fans.  
which are similar i n  p r inc ip l e  to those encountered w i t h  earlier ex- 
perimental VTOL l i f t  fan a i r c r a f t ,  are expected t o  be more severe i n  
l a rge  VTOL t ranspor t s  because of the l a rge r  number of fans  involved 
and the need f o r  a c h i e d n g  optimized performance. 

These problems, 

5.1 Inflow Distor t ion 

A problem that was recognized i n  ea r ly  considerations of l i f t  fans 
i s  that o f  i n l e t  flow d i s t o r t i o n  and performance loss  due to the change 
i n  inflow d i rec t ion  during forward f l i g h t .  
flow e f f e c t  on fan  inflow is i l l u s t r a t e d  i n  Figure 1.5. Under static 
conditions (zero forward f l i g h t ) ,  the flow i n t o  the i n l e t  i s  largely 
misymmetric. However, under crossflow conditions during t r a n s i t i o n  
(Fig. 15(a)) ,  an acce lera t ion  and decelerat ion of the flow occurs over 
t he  forward port ion of the i n l e t ,  which general ly  leads to a l o c a l  
separation of the flow as indicated by the sha&d area. 
can also occur on the a f t  side of the centerbody. 
the incomplete turning of  the inflow i n t o  t h e  fan passage r e s u l t s  i n  an 
"advancing-retreating" or ien ta t ion  f o r  the r o t a t i n g  ro to r  blades as 
indicaked by the sketch of Figure 15(b) The circumferent ia l  var ia t ion  
i n  approach angle i n  conjunction with the  circumferential  var ia t ion  i n  
meridional ve loc i ty  then produces a circumferent ia l  var ia t ion  i n  change 
i n  incidence angle on the ro tor .  

The nature  of t h i s  cross- 

Flow separation 
At the same t i m e ,  

The combination of  flow separation and r o t o r  i n l e t  flow maldistribu- 
t i o n  can r e s u l t  i n  a de ter iora t ion  of fan e f f ic iency  and thrust as f l i g h t  
speed is increased. There i s  a l s o  concern that t h e  i n l e t  flow d i s t o r t i o n  
and the increased flow turbulence due to poorer fan performance can 
measurably increase the  fan noise  r ad ia t ion  during t r ans i t i on .  

Many q e r i m e n t a l  invest igatbns of flow d i s t r ibu t ion  'n  l 'f 't fan 
i n l e t s  i n  crossflow have been conducted i n  the pact,27, 38 33 Current 
e f f o r t  a t  NASA i s  directed toward developing ana l3 t i ca l  techniques f o r  
determining i n l e t  flow d i s t r ibu t ions  and surface boundary layer  develop- 

a 
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ment. A p o t e n t i a l  flow so lu t ion  f o r  the design and ana lys i s  of axi- 
symmetric inlets  i n  s ta t ic  flow is described i n  Ref.  34. 
discussion and comparisons w i t h  experimental data f o r  the comparable 
crossflow so lu t ion  are given i n  R e f ,  35. 
experiments aimed at  the predic t ion  and cont ro l  of  flow separat ion i n  
l i f t  fan i n l e t s  i n  crossflow are a l s o  needed. 

Preliminary 

Boundary layer  theory and 

An a m p l e  of the ca lcu la ted  va r i a t ion  i n  surface ve loc i ty  over 
the forward arc o f  a lift fan i n l e t  i n  crossflow i s  shown i n  Figure 16 
f o r  several crossflow v e l o c i t i e s .  
designed f o r  the avoidance of surface ve loc i ty  decelerat ion under static 
conditions (Vm = 0) The sharp ve loc i ty  acce lera t ion  and decelerat ion 
on the surface r e s u l t i n g  *om the crossflow i s  &ar ly  seen. More recent  
ca lcu la t ions  based on an improved compressibil i ty correct ion ind ica t e  
even higher t h e o r e t i c a l  peaks i n  crossflow than shown i n  the f igure .  

The i n l e t  sec t ion  was originalLy 

Calculated va r i a t ions  of change i n  incidence angle relative to the 
s t a t i c  case f o r  a hypothetical  "disturbance-free" r o t o r  loca ted  at  the 
i n l e t  s t a t i o n  (S = 0 i n  Fig,  16) are i l lustrated i n  Figure 17, ( A  
"disturbance-free" r o t o r  i s  one that produces no change i n  the upstream 
flow. ) 
therefore  occur f o r  a real f an .  However, the presence of the rotor and; 
i t s  pressure f ie ld  w i l l  undoubtedly d is turb  the incoming flow to some 
extent ,  so that  the ne t  effect on the r o t o r  operation i s  unknown 
(poss ib ly  not as severe as suggested by the idea l i zed  ca lcu la t ions) .  
Such va r i a t ions  i n  r o t o r  incidence angle w i l l  give rise t o  circumferent ia l  
va r i a t ions  i n  ro to r  blade loading and o u t l e t  flow conditions.  
s i g n i f i c a n t  po ten t i a l  exists f o r  an increase i n  rotor-generated noise  
during the t r a n s i t i o n  f l igh t  regime if fan speed i s  maintained constant.  

S igni f icant  unsymmetrical changes i n  ro to r  incidence angle may 

Thus, a 

5.2 Back Pressure 

Variat ions i n  the static pressure of the dischaxge flow during 
t r a n s i t i o n  can a l s o  a f f e c t  fan s tage  performmce. 
pressure can arise from in t e rac t ions  between the fan and drive-turbine 
exhaust streams and Prom in t e rac t ions  between these streams and the 
crossflow air stream (Fig,  15( a ) ) .  
pressure va r i a t ion  i s  any t h r u s t  def lec t ion  device t h a t  i s  used at the 
e x i t  of the fans.  For example, rearward def lec t ion  of exit louvers 
would tend t o  increase the fan back pressure,  while discharge flow i n t e r -  
ac t ions  might tend t o  decrease the back pressure.  

Such changes i n  back 

Another potent  source of  back 

The effect o f  var ia t ions  i n  fan back pressure on the  gross  t h r u s t  
of a fan w i l l  depend on the fan stage performance map and the operating 
point  selected f o r  the fan design. 
va r i a t ion  i n  fan  gross  t h r u s t  w i t h  exit s t a t i c  pressure f o r  a fan de- 
signed f o r  m a x i m u m  gross  t h r u s t  at ambient duct exit pressure at  takeoff ,  

Figure 18 i l l u s t r a t e s  a poss ib le  



It may therefore  be important t o  know the back pressure conditions over 
which a fan w i l l  be operat ing f o r  the p a r t i c u l a r  i n s t a l l a t i o n  of the fan.  

5.3 Force Variat ions 

The aspect of  the fan flow during t r a n s i t i o n  that has received 
considerable a t t e n t i o n  i s  the in t e rac t ion  of the fan flow with the flow 
around the aircraft, Numerous wind tunnel  tests of fan-in 5. g f n-in- 
pod, and fan-in-fuselage configurations have been conducted, OW38 t o  !l 
and a good understanding of the e f f e c t s  of  fan flow on aircraft induced 
lie, drag, and moments has been obtained (e.g., Refs. 42 t o  45). A 
s t rong e f f o r t  i n  l i f t - f a n  a i r c r a f t  aerodynamics bas been mounted i n  
p a r t i c u l a r  by the NASA Ames Research Center. 

During t r a n s i t i o n ,  drag contr ibut ions are provided by the ram 
(momentum) drag of the fan inflow (flow rate times f l igh t  speed) and the 
fan mounting s t r u c t u r e  (e.g., wing or fuselage pod). 
t h e  lower the allowable fan pressure r a t i o ,  the  higher the flow rate 
f o r  a given t h r u s t  (Fig. 14) and therefore  the higher the ran drag. 
Pod drag i s  determined by t h e  geometry of the body containing the fans,  
the aux i l i a ry  devices f o r  the fan (e.g., louvers,  cover doors), and the 
in t e rac t ion  between the f an  flow and the normal flow around the  body. 

I n  t h i s  respect ,  

For the lift and t h r u s t  forces ,  concern i s  over both thrust 
degradation and induced lift forces  generated by the in t e rac t ion  between 
the fan flow and the flow over the a i r c r a f t  aerodynssnic surfaces.  These 
induced forces  can be negative or  pos i t ive ,  depending on t h e  number of 
fans  and their  loca t ion  on the a i r c r a f t .  Fan t h r u s t  degradation i s  
measured w i t h  respec t  t o  i d e a  fan t h r u s t  which i s  obtained from the 
conditions of no i n l e t  tots pressure loss ,  constant t o t a l  pressure 
r a t i o  across  the ro to r ,  and ambient a s c h a r g e  pressure.  Ideal fan 
gross  t h r u s t  increases  w i t h  increasing forward f l i g h t  speed, 

Since aircrlaf’t wing l i f t  increases  with f l i g h t  speed, a decrease i n  
fan v e r t i c a l  t h r u s t  should be allowable as conversion speed i s  approached. 
However, the acceptable t h r u s t  degradation fo r  an a i r c r a f t  design w i l l  
depend t o  a l a r g e  &ent on the t r a n s i t i o n  f l i g h t  p r o f i l e  and associated 
requirements f o r  t h r u s t  magnitude and def lec t ion .  Parametric ana lys i s  
of t ranspor t  a i r c r a f t  t r a n s i t i o n  f l i g h t  f o r  various propulsion system 
arrangements and f l i g h t  cons t ra in ts  would be he lp fu l  i n  evaluating the 
effect of fan t r a n s i t i o n  performance on aircraft design and operation. 

Even i f  t r a n s i t i o n  f l i g h t  dynarnics can allow a s izeable  degradation 
i n  fan  t h r u s t  as f l i g h t  speed i s  increased, it appears that  it would 
always be desirable t o  press f o r  minimum fan pressure lo s ses  i n  crossflow, 
Reduction i n  crossflow pressure lo s ses  w i l l  reduce fuel consmption and 
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noise  generation a r i s i n g  from reduced eff ic iency.  
good fan performance throughout the t r a n s i t i o n  speed range can a l so  
provide a potentiial f o r  control led t h r u s t  reduction f o r  noise abatement 
procedures. 

The maintaining of 

Wind tunnel  tests of a 15-inch-diameter model lift fan Etre cur ren t ly  

The fan r o t o r  i s  driven by a compact two-stage turb ine  
i n  progress at the NASA Lewis Research Center w i t h  the setup shown i n  
Fitgure 19. 
loca ted  v i t h i n  the hub of the fan.  
air  supplied through several s t r u t s  across  the fan passage. This con- 
f igura t ion  provides f o r  a fan  u n i t  w i t h  coaxial  discharge flows ( a s  i n  
the case of  a real fan)  that can be installed completely within the 
supporting aerodynamic body. 
and p i tch ing  moment, and of fan performance, i n t e r n a l  flow d i s t r ibu t ions ,  
and axial force.  M a x i m u m  tunnel  air speed i s  170 mph. The purpose of 
these  i n i t i a l  tests i s  t o  inves t iga t e  i n  detail the flow and force  dis- 
t r i b u t i o n s  generated by the fan flow i n  crossflow and t o  determine the 
nature  and magnitude o f  the f a c t o r s  influencing t h r u s t  va r i a t ion .  
subsequent setup w i l l  contain a fan-in-pod arrangement f o r  tests of 
perfomfiance and d i s t o r t i o n  to le rance  of  fan  configurations involving low 
noise  fea tures .  Variables that can be considered include r o t o r  t i p  
speed, rotor aspect r a t i o ,  i n l e t  design, and separation cont ro l  schemes. 

The turb ine  i s  powered by high-pressure 

Measurement i s  made of wing l i f t ,  drag, 

' 

A 

Ek'periments me also needed t o  inves t iga t e  tandem fan performance 
and. flow in t e rac t ions  i n  several multiple=fan pod configurations.  
here i s  f o r  vc r i a t ions  i n  fan inflow rate and performance with fan loca- 
t i o n ,  w i t h  spacing between fans,  and with bounding surfaces.  
def lec t ing  approaches as i l lus t ra ted  i n  Figure 2 should also be included. 

Concern 

Thrust 

6. 

I n  suamary, it may be said that the p r inc ipa l  problems i n  VTOL l i f t  
fan propulsion l i e  i n  t h e  -I;hree general areas of :  

Optimum i n t eg ra t ion  of the lift, cru ise ,  control ,  and t r a n s i t i o n  
f'uactions. 

* Speci f ic  design o f t h e  fan stage and se l ec t ion  of  i t s  dr ive  
system. 

* Fan performance and noise  i n  crossflow. 

Considerable trade-off evaluations and compromises may be necessary 
t o  def ine  the most s u i t a b l e  lif% fan system design f o r  VTOL commercial 
appl icat ions.  

d 
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Although many, VTOL fan propulsion problems are not considered in-  
surmountable. 
i d e n t i f i c a t i o n  of  propulsion problem areas i s  bas i ca l ly  qua l i t a t ive .  
Such q u a l i t a t i v e  evaluations may tend  t o  generate undue concern because 
of  t h e  absence of  quan t i t a t ive  data.  It is q u i t e  l i k e l y  t h a t  as ac tua l  
research and technology e f f o r t s  are accelerated,  many of  t h e  current  
concerns may be d iss ipa ted .  

I n  t h i s  respect ,  it should be recognized t h a t  the current 

A well-defined and wel l - integrated lift fan propulsion research 
e f f o r t  can do much t o  enhance t h e  ea r ly  development of c i v i l  VTOL trans- 
por t s .  I n  pa r t i cu la r ,  research and ana lys i s  axe needed t o  determine t h e  
relative importance o f  t h e  various problem areas - which f a c t o r s  have a 
l a rge  o r  s m a l l  impact on ove ra l l  design and performance - and t o  provide 
quan t i t a t ive  da t a  f o r  t h e  key input  fac tors  t'nat w i l l  be involved i n  
system se lec t ion  and design, 
new concepts and solving s p e c i f i c  problems w i l l  a l so  be helpf'ul. 

The t r a d i t i o n a l  r o l e  of research i n  devising 
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Figure 1. - VTOL propulsion functions. 

I - 
(A) LIFT FANS WITH EXIT LOUVERS. 

(C) FIXED CRUISE FAN WITH THRUST DE- 
FLECTING AND REVERSING, 

A-4 
(B) SWIVELLING LIFT FAN. 

, ' -t--y iq!!?p 
(D) ROTATABLE CRUISE FAN, 

Figure 2. -Methods of providing horizontal thrust for transition flight with fans, 
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Figure 4. - Lift fan drive systems. 
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Figure 5. - Remote a i r  generator system flow areas. Flow 
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Figure 6. - Integral coaxial lift fan system. 



(A) FAN WITH SINGLE-STAGE TIP TURBINE. 

J 
(B) STRAIGHT JET GAS GENERATOR. 

(C) LOW BYPASS GAS GENERATOR, 

Figure 7 Remote lift fan System wi th  exhaust gas generator 

(A) FAN WITH TWO-STAGE TIP TURBINE. 

(B) TWO-SPOOL BLEED AIR GENERATOR. 

Figure 8. - Remote lift fan  system wi th  compressed a i r  generator. 
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Figure 17 -Theoretical change in rotor incidence angle due to crossflow. 
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Figure 19. Model lift fan-in-wing i n  NASA Lewis Re- 
search Center V/STOL tunnel. 


